The prenyltransferase undecaprenyl pyrophosphate synthetase (di-trans,poly-cis-decaprenylcistransferase; EC 2.5.1.31) was purified from the soluble fraction of Escherichia coli by TSK-DEAE, ceramic hydroxyapatite, TSK-ether, Superdex 200, and heparin-Actigel chromatography. The protein was labeled with the photolabile analogue of the farnesyl pyrophosphate analogue (E,E)-[1-3 H]-(2-diazo-3-trifluoropropionyloxy)geranyl diphosphate and was detected on a sodium dodecyl sulfate-polyacrylamide gel as a protein with an apparent molecular mass of 29 kDa. This protein band was cut out from the gel, trypsin digested, and subjected to matrixassisted laser desorption ionization mass spectrometric analysis. Comparison of the experimental data with computer-simulated trypsin digest data for all E. coli proteins yielded a single match with a protein of unassigned function (SWISS-PROT Q47675; YAES_ECOLI). Sequences with strong similarity indicative of homology to this protein were identified in 25 bacterial species, in Saccharomyces cerevisiae, and in Caenorhabditis elegans. The homologous genes (uppS) were cloned from E. coli, Haemophilus influenzae, and Streptococcus pneumoniae, expressed in E. coli as amino-terminal His-tagged fusion proteins, and purified over a Ni 2؉ affinity column. An untagged version of the E. coli uppS gene was also cloned and expressed, and the protein purified in two chromatographic steps. We were able to detect Upp synthetase activity for all purified enzymes. Further, biochemical characterization revealed no differences between the recombinant untagged E. coli Upp synthetase and the three His-tagged fusion proteins. All enzymes were absolutely Triton X-100 and MgCl 2 dependent. With the use of a regulatable gene disruption system, we demonstrated that uppS is essential for growth in S. pneumoniae R6.
Isoprenoids are among the most structurally and functionally diverse compounds ubiquitously occurring in nature. The enzymes for isoprenoid biosynthesis, termed prenyltransferases, catalyze the head-to-tail condensation between isopentenyl pyrophosphate (IPP), the fundamental five-carbon building block in the pathway, and allylic pyrophosphate to generate a variety of prenyl pyrophosphates. These participate in the biosynthesis of a variety of isoprenoid compounds such as terpens, steroids, dolichols, carotinoids, glycosyl carrier lipids, the side chains of respiratory quinones and natural rubber (28) .
Four biosynthetic enzymes that utilize IPP as a substrate are found in extracts of Escherichia coli (17) : an IPP isomerase (idi; SWISS-PROT Q46822 [putative assignment]) and the three prenyltransferases farnesyl pyrophosphate synthetase (Fpp synthetase, ispA; EC 2.5.1.10) (18) , octaprenyl pyrophosphate synthetase (Opp synthetase, ispB) (5) , and undecaprenyl pyrophosphate synthetase (Upp synthetase; EC 2.5.1.31). Fpp synthetase catalyzes the condensation of dimethylallyl pyrophosphate (DMAPP) and IPP to yield geranyl pyrophosphate (GPP), which the enzyme uses in a second condensation reaction with IPP to yield the ultimate product, farnesyl pyrophosphate (FPP). The other two prenyltransferases use FPP as the starting molecule in further rounds of sequential condensation with IPP. Opp synthetase generates the long-chain polyprenyl pyrophosphate-like isoprenoid quinones (ubiquinone-8, menaquinone-8, and dimethylmenaquinone-8), which have an alltrans-octaprenyl side chain (14) . Upp synthetase generates undecaprenyl pyrophosphate (UPP, C 55 -PP), which contains a trans,cis-mixed isoprenoid chain (38) . UPP is required as a lipid carrier of glycosyl transfer in the biosynthesis of a variety of cell wall polysaccharide components in bacteria.
Upp synthetase has been characterized after partial purification from several bacteria, including Salmonella newington (13) , Bacillus subtilis (35) , E. coli (10, 17) , and Micrococcus luteus (9, 22) , but it has been studied most extensively in Lactobacillus plantarum (2-4, 8, 20) . Despite the interest in the biochemistry of this enzyme, bacterial genes encoding it have not been identified.
By bringing together classical biochemical and new genomics-proteomics approaches, we identified the gene encoding Upp synthetases in E. coli. Specific photolabeling of partially purified E. coli Upp synthetase with the FPP analogue (E,E)- [1- 3 H]-(2-diazo-3-trifluoropropionyloxy)geranyl diphosphate ([ 3 H]DAFTP-GDP) allowed the identification of the corresponding Upp synthetase-containing band in a sodium dodecyl sulfate (SDS)-polyacrylamide gel of an unlabeled preparation. This unlabeled band was cut out and digested with trypsin. The molecular masses of the peptides thus produced were determined by matrix-assisted laser desorption ionization mass spectrometric (MALDI-MS) analysis, and the data obtained were used to search a database containing the molecular masses of peptides generated by computer-simulated trypsin digestion of all E. coli proteins. A single entry was found to match the experimental data (SWISS-PROT Q47675, YAE-S_ECOLI) . This open reading frame and the corresponding open reading frames from Haemophilus influenzae and Streptococcus pneumoniae were cloned and expressed, and all were demonstrated to encode prenyltransferase activity.
H]DAFTP-GDP (10 Ci/mmol) in 100 mM Tris-HCl (pH 7.5)-20 M IPP. Multiple samples of the mixture were loaded onto an SDS-polyacrylamide gel and electrophoresed, and the gel was stained with Coomassie blue and destained. One half of the gel was incubated in the fluorographic reagent Amplify (Amersham Pharmacia Biotech) as instructed by the manufacturer. The gel was dried onto filter paper sheets and exposed to Biomax MR film (Kodak, Rochester, N.Y.). From the other half of the gel, the zone of each lane that corresponded to proteins of 20 to 40 kDa was cut into 1-mm slices and extracted with 1 ml of Soluene-350 (Packard, Zürich, Switzerland) at 55°C for 3 h, and radioactivity was counted after the addition of 10 ml of Hionic-Fluor (Packard) scintillation fluid.
MALDI-MS.
The MALDI-MS analysis was performed as reported earlier (16) . Briefly, the protein band of interest was excised from an SDS-polyacrylamide gel and digested in situ. The gel piece was destained with 50% acetonitrile in 0.1 M ammonium bicarbonate and dried in a vacuum speed evaporator. The dried gel fragment was reswollen in 3 l of 3 mM Tris-HCl (pH 8.0) containing 0.2 g of trypsin (Wako, Neuss, Germany) and incubated at 37°C for 12 h. Three microliters of 30% acetonitrile-0.1% trifluoroacetic acid was added. After sonication for 3 min, 1 l of the peptide extract was applied onto 0.5 l of air-dried matrix. The matrix solution was prepared by dissolving 15 mg of nitrocellulose (Bio-Rad, Hercules, Calif.) and 20 mg of ␣-cyano-4-hydroxycinnamic acid (Sigma) in 1 ml of 1:2 (vol/vol) acetone-isopropanol. The sample was analyzed on a time-of-flight mass spectrometer (PerSeptive Biosystems, Cambridge, Mass.) equipped with a reflectron. An accelerating voltage of 20 kV was used. Calibration was internal to the samples.
Assay for Upp synthetase. The standard incubation mixture for the Upp synthetase assay contained, in a final volume of 0.1 ml, 100 mM Tris-HCl buffer (pH 7.5), 0.2 mM MgCl 2 , 0.05% Triton X-100, 10 M FPP, and 10 M [1-
14 C] IPP (0.5 Ci/mol, 30,000 dpm; Amersham Pharmacia Biotech). The reaction was initiated by addition of a suitable amount of enzyme. After incubation for 30 min at 35°C, the reaction was terminated by the addition of 0.1 ml of 50% (wt/vol) trichloroacetic acid, and the mixture was kept at 100°C for 30 min to complete the hydrolysis of the product. The mixture was cooled and neutralized by the addition of 0.1 ml of 5 M NaOH, followed by the addition of 0.5 ml of 2 M KCl. The products were extracted twice with 2 ml of n-hexane and backwashed with 1 ml of water. A fixed volume of the extract was evaporated to dryness, and scintillation fluid was added for subsequent determination of the radioactivity (with modifications as specified in references 10 and 35).
Coupled assay for Upp synthetase. The assay used is a modification of the method of Kodama et al. (21) for inorganic phosphate determination. Upp synthetase was incubated at 35°C with 0.003 U of inorganic pyrophosphatase from Saccharomyces cerevisiae in a total reaction volume of 100 l containing 100 mM Tris-HCl (pH 7.5), 0.2 mM MgCl 2 , 10 M IPP, 10 M FPP, and 0.05% (wt/vol) Triton X-100. The reaction was terminated after 30 min by addition of 100 l of acidic malachite green solution (0.03% [wt/vol] malachite green-0.2% ammonium molybdate-0.05% Triton X-100 in 0.7 N KCl, filtered through Whatman no. 1 paper). Increase in the optical density at 660 nm (OD 660 ) was measured spectrophotometrically, and the amount of phosphate released from IPP was calculated from a standard curve prepared with KH 2 PO 4 .
Electrophoresis. Proteins were subjected to electrophoresis in a discontinuous slab gel system using the buffers described by Laemmli (24) . An aliquot of cell lysate or purified protein was diluted with at least 1/4 volume of loading buffer (0.04% bromphenol blue-1.6% SDS-27% glycerol in 50 mM Tris-HCl [pH 6.8]) and was applied to an SDS-10% polyacrylamide gel. Electrophoresis was carried out in a Bio-Rad mini-Protean II cell unit at room temperature.
General DNA techniques and transformation. Chromosomal DNA preparation was performed with the Qiagen (Hilden, Germany) genomic DNA purification system. To prepare plasmid DNA, the Promega (Zürich, Switzerland) Wizard mini or maxi purification system was used. Plasmids, PCR products, and chromosomal DNA were cleaved with the appropriate restriction enzymes, ligated, and transformed into E. coli XL1-Blue or XL2-Blue cells (6, 30) . Transformants were selected on LB agar plates containing the appropriate antibiotic: ampicillin (100 g/ml) for pET-13b and pET-16b, kanamycin (20 g/ml) for pET-28a, or erythromycin (500 g/ml) for pJDC9 and its derivatives. Transformation of S. pneumoniae was performed as described by Havarstein et al. (19) , with modification. Briefly, frozen aliquots of competent cells were thawed, diluted to 1/10 with prewarmed Streptococcus medium (23) , and incubated for 20 min at 37°C in an atmosphere of 10% CO 2 . Then 1 l of plasmid DNA (1 g/l) was added to 500 l of the mixture, and incubation continued for an additional 3 h. Transformants were selected on sheep blood (3%) agar plates containing erythromycin (0.5 g/ml). Competent cells were obtained by growing strain R6 in Todd-Hewitt medium, supplemented with 5% calf serum, to an OD 660 of 0.3 to 0.5. The culture was diluted 1/10, 10% glycerol was added, and aliquots were flash-frozen at Ϫ80°C. PCR and sequencing. PCR was performed with the Expand high-fidelity DNA system (Boehringer, Mannheim, Germany), using the manufacturer's recommended protocol, in a Perkin-Elmer (Foster City, Calif.) thermocycler. Sequencing was performed by the dideoxy-chain termination method (31), using a modified DNA sequencing kit (dye terminator cycle sequencing; PE Applied Biosystems, Foster City, Calif.), and analyzed with an automated DNA sequencing system (ABI Prism 310 genetic analyzer; PE Applied Biosystems). Nucleotide and amino acid sequences were analyzed with the help of the University of Wisconsin Genetics Computer Group sequence analysis package (15) and with the program Lasergene (DNASTAR, Madison, Wis.).
Construction of the expression plasmids for uppS. uppS genes from E. coli, H. influenzae, and S. pneumoniae were expressed as His-tag fusion proteins under the control of the T7 promoter (Fig. 1A) . In all cases, full-length genes were amplified by using the appropriate forward and reverse primers. The forward primer used introduced a BsaI site (5Ј-GGTCTCTCATG-3Ј, for E. coli and H. influenzae) or an NdeI site (5Ј-GCCATATG-3Ј, for S. pneumoniae) overlapping the potential methionine starting codon (for E. coli uppS, the GTG immediately upstream of the ATG) and the reverse primer a BamHI site downstream of the stop codon. The PCR products were restricted with BsaI or NdeI and BamHI and then separated on an agarose gel; corresponding bands were eluted and cloned in pET-HTNC restricted with NcoI and BamHI (for E. coli and H. influenzae) and in pET-16b restricted with NdeI and BamHI (for S. pneumoniae), resulting in pUppS-His-EC, pUppS-His-HI, and pUppS-His-SP, respectively (Fig. 1A) . pET-HTNC is a derivative of pET-15b which was restricted with NcoI and BamHI and in which the small 72-bp fragment was replaced by a linker which destroys the original NcoI site, regenerates the 6-His tag and a thrombin recognition site, and generates new singular sites for NcoI and BamHI downstream of the His tag (5Ј-CATGAGCAGCCATCATCACATCATCATA GCAGCGGCCTGGTTCCGCTGGGTTCCATGGTTCG-3Ј). To express the uppS gene from E. coli as untagged protein, the corresponding PCR product (see above) was cloned in pET-28b restricted with NcoI and BamHI.
Construction of plasmids for generating uppS gene disruption. For disrupting the uppS gene and terminating expression of the downstream genes in the operon, a small internal fragment of the uppS gene (from bp 149 to 504) was amplified by PCR. The forward primer used introduced a BamHI site upstream of the first nucleotide, and the reverse primer introduced a KpnI site downstream of the last nucleotide. The PCR product was cloned as BamHI-KpnI fragment into pJDC9 (BamHI-KpnI), resulting in pKO1. To have the uppS operon under the control of the two different tetracycline-regulatable promoters, an aminoterminal fragment of the uppS gene (from bp 1 to 504) was amplified by PCR. The forward primer introduced a BsaI site (5Ј-GGTCTCTCATG. . .-3Ј) upstream of the starting methionine codon, and the reverse primer introduced a KpnI site downstream of the last nucleotide. The PCR product was cloned as a BsaI-KpnI fragment in the promoter vectors pRKO2* and pRKO1* (NcoIKpnI), resulting in plasmids pKO2 and pKO3, respectively (asterisks indicate derivatives of pRKO1 and pRKO2 [34] where the BamHI site is replaced by an NcoI site). To generate a disruption of the uppS gene while placing downstream genes under the control of the tetracycline-regulatable promoter p57opt, an internal fragment of uppS from bp 149 to 504 was amplified by PCR. The forward primer used introduced a BamHI site upstream of the first nucleotide, and the reverse primer introduced a KpnI site downstream of the last nucleotide. The PCR product was cloned as a BamHI-KpnI fragment into the promoter vector pRKO2 (BamHI-KpnI), resulting in plasmid KO4. Recombinants were propagated in E. coli XL2. Mutants were generated in S. pneumoniae R6 by transformation using the protocol described above. The authenticity of each clone was verified by sequencing. For disrupting uppS and terminating expression of the downstream genes in the operon, a small internal fragment of the uppS gene was cloned into pJDC9, resulting in pKO1. To place the uppS operon under the control of the two tetracycline-regulatable promoters, p57opt and p57, an amino-terminal fragment of the uppS gene was cloned in the promoter vectors pRKO2* and pRKO1*, resulting in plasmids pKO2 and pKO3, respectively. To generate a disruption of the uppS gene while placing downstream genes under the control of the tetracycline-regulatable promoter p57opt, an internal fragment of uppS was cloned into the promoter vector pRKO2, resulting in plasmid pKO4. 
RESULTS
Purification of native Upp synthetase. In earlier studies, different groups partially purified Upp synthetase from several bacteria (4, 9, 10, 13, 35) by using two or three chromatographic steps, but bacterial genes for Upp synthetase were not identified. As part of our strategy for isolating the gene from E. coli, we purified the Upp synthetase by using a different purification scheme with an additional chromatographic purification step to attain sufficient purity to identify clearly the corresponding band by SDS-PAGE.
For the purification, we started with a total of 185 g (wet weight) of E. coli BL21(DE3) paste collected in the logarithmic growth phase. The Upp synthetase of E. coli was purified as described in Materials and Methods. To monitor Upp synthetase activity during the purification, we used the radioactive Upp synthetase assay for the initial steps of the procedure. Later, when interfering endogenous phosphate had been removed, the coupled assay was used. For the first chromatographic step, we used a TSK-DEAE 650M column. Assaying the fractions revealed two peaks of prenyltransferase activity. The activity in the first peak was absolutely Triton X-100 dependent, in contrast to the second peak; this result was in accordance with observations published earlier (10) . The assay used did not distinguish between Upp synthetase and Opp synthetase activities, but we were able to show that recombinant Opp synthetase, which is not Triton X-100 dependent, coeluted from the column with the second peak of prenyltransferase activity (data not shown). Therefore, the activity in the first peak was subjected to four additional chromatographic steps using ceramic hydroxyapatite, TSK-Ether 5PW, HiLoad Superdex 200, and heparin-Actigel ALD, respectively. On the HiLoad Superdex 200 column, Upp synthetase activity eluted at a molecular mass corresponding to the dimer. This is in agreement with earlier findings (10) that Upp synthetase is a dimer. Despite these multiple purification steps, Upp synthetase was not purified to homogeneity ( Fig. 2A) , possibly because of a very low copy number of Upp synthetase per cell. Identification of the gene encoding Upp synthetase. Because we could not purify the Upp synthetase to homogeneity and could not assign the protein to a specific band on an SDSpolyacrylamide gel, it was necessary to further decrease the number of possible candidates. We labeled the native Upp synthetase by cross-linking it specifically with a radiolabeled substrate analogue, [ 3 H]DAFTP-GDP, and subjected the complex to SDS-PAGE (Fig. 2A, lane 3 ; Coomassie blue staining). Specificity was shown in a parallel sample in which the UV irradiation was carried out in the presence of 20 M unlabeled FPP (Fig. 2A, lane 2) . The entire gel was analyzed for radioactivity in two ways: (i) by direct autoradiography of the dried gel ( Fig. 2B ; exposure time, Ͼ45 days) and (ii) by cutting the lanes from a parallel gel in small 1-mm slices and counting the radioactivity in each slice (Fig. 2C) . In both cases, an unambiguous signal corresponding to a band of 29 kDa was detected. These results are in agreement to those of Baba et al. (10) , who found, using similar methods, a protein with a size of about 30 kDa. However, with their purification scheme it was not possible to clearly assign an activity to a band on an SDSpolyacrylamide gel. The band of 29 kDa was cut out and subjected to MALDI-MS analysis (see Materials and Methods). The monoisotopic masses found were matched to the theoretical peptide masses of the proteins of E. coli. Three 
I, H-x-x-x-x-M-D-G-N-(RG)-R-(WYF)-A; II, G-H-x-x-G; III, (TS)-x-x-A-F-S-(ST)-E-
peptides out of 14 matched peptides derived from the protein described in SWISS-PROT entry Q47675, YAES_ECOLI. The sequence of the matching peptides covered 16% of the amino acid sequence of the protein. The sequence coverage is an indication of confidence of protein identification. The selected protein showed the highest sequence coverage.
Deduced amino acid sequence and homology comparison. The deduced amino acid sequence of SWISS-PROT Q47675 (YAES_ECOLI; designated here uppS [Upp synthetase]), contains 253 residues, which could encode a protein with a deduced total molecular mass of 28,444 kDa. The genomic sequence record indicates GTG as the initiation codon which lies immediately upstream of the alternative start codon. To clarify whether either one or both are used, we determined the Nterminal sequence of the purified Upp synthetase. We identified both forms of Upp synthetase with one or two methionines (ratio of around 3:2). In the subsequent experiments (expression of Upp synthetase), we took the GTG as the initiation codon. Computer-assisted analysis and comparison of DNA sequences were performed with the BLAST program. Comparison of the deduced Upp synthetase amino acid sequence from E. coli with entries in publicly available and in-house databases revealed a total of 28 sequences, including 25 from bacteria (7 of which were only partial sequences), 2 from S. cerevisiae, and 1 from Caenorhabditis elegans. Alignment of these proteins (Fig. 3) revealed strongly conserved regions where the amino acids were identical or nearly identical in all 28 sequences. No function has been experimentally determined for any of the proteins listed.
Cloning and overexpression in E. coli of the gene encoding Upp synthetase from different bacteria and purification of recombinant proteins. To verify the functionality of the Upp synthetase, the genes from E. coli, H. influenzae, and S. pneumoniae were cloned by PCR as N-terminal His-tag fusion proteins under the control of the T7 promoter (pET system) (Fig.  1A) . In addition to the fusion proteins, we also expressed the E. coli wt Upp synthetase to compare the activity with those of the His-tag fusion proteins. To generate the expression plasmid, we cloned the DNA fragment encoding the E. coli uppS gene in pET-28b (Fig. 1A) . The crude lysates of all four BL21 (DE3)(pLysS) strains transformed with the corresponding expression plasmids (induced by 2 mM isopropyl-␤-D-thiogalactopyranoside [IPTG] for 2 h) contained more than 1,000-fold-higher Upp synthetase activity than BL21(DE3)(pLysS) transformed with the expression vector without insert (data not shown).
After purifying the fusion proteins from E. coli, H. influenzae, and S. pneumoniae Upp synthetase over a Ni 2ϩ column as described in Materials and Methods, we obtained 0.8, 1.5, 10 mg, respectively, of Ͼ95% pure protein (Fig. 4 ) from 250 ml of induced E. coli culture. In the case of the S. pneumoniae Upp synthetase, the expression was so strong that we overloaded the column, because at least half of the His-tag fusion protein was found in the flowthrough (Fig. 4, lane 8) . The apparent molecular masses of the three His-tag fusion proteins were 31, 29, and 30 kDa, respectively, in good agreement to the expected molecular masses of 30.4, 29.3, and 30.7 kDa (including 2 kDa for the His tag). To purify recombinant E. coli wt Upp synthetase, we started with 25 g (wet weight) of paste; after ammonium sulfate precipitation cuts (35 to 50%), PhosphoUltrogel A6R chromatography, and HiLoad 26/60 Superdex gel filtration chromatography, we obtained about 12 mg of protein at a purity of over 98% (Fig. 5) .
Structural and functional analysis of the overproduced proteins. To determine whether we had correctly identified the cloned genes as coding for Upp synthetase, we characterized several aspects of the purified proteins. For the recombinant E. coli wt Upp synthetase, an amino-terminal sequence analysis of the first 10 residues (on an Applied Biosystems 494 protein sequencer) revealed a protein sequence completely consistent with that predicted from the DNA sequence. The overproduced wt E. coli protein comigrates with the band that was FIG. 4 . Purification of the His-tagged Upp synthetase fusion proteins from overproducing E. coli strains. The protein was purified from E. coli BL21(DE3) (pLysS) carrying pUppS-His-EC, pUppS-His-HI, or pUppS-His-SP as indicated below. Samples from various stages of the purification procedure were analyzed by SDS-PAGE, and proteins were visualized after staining with Coomassie blue. Lanes: 1 to 3, pUppS-His-EC; 4 to 6, pUppS-His-HC; 7 and 8, pUppS-His-SP; 1, 4, and 7, soluble cell extract after IPTG induction; 2, 5, and 8, flowthrough from the Ni 2ϩ column; 3, 6, and 9, specific elution from the Ni 2ϩ column with 500 mM imidazole buffer.
FIG. 5. Purification of the E. coli
Upp synthetase protein from the overproducing strain. The protein was purified from E. coli BL21(DE3)(pLysS)(pUppSwt-EC) as described in the text. Samples from various stages of the purification procedure were analyzed on an SDS-polyacrylamide gel, and proteins were visualized after staining with Coomassie blue. Lanes: 1, protein standards as indicated on the left; 2, soluble cell extract after IPTG induction; 3, 150,000 ϫ g pellet; 4; 150,000 ϫ g supernatant; 5, 0 to 30% saturated (NH 4 ) 2 SO 4 fraction; 6, 30 to 50% saturated (NH 4 ) 2 SO 4 fraction; 7, 50 to 80% saturated (NH 4 ) 2 SO 4 fraction; 8, pool after purification on Phospho-Ultrogel column; 9, pool after purification on Superdex 200 gel filtration column. radiolabeled after purification of the native Upp synthetase ( Fig. 2 and 5 ). In functional terms (K m values), all four proteins behave more or less identically in the direct and the coupled assays for Upp synthetase. They were absolutely Triton X-100 and MgCl 2 dependent, as exemplified in Fig. 6 for the E. coli wt Upp synthetase in the coupled assay. The optimal concentration for Triton X-100 is between 0.01 and 0.1%, and that for MgCl 2 is between 0.5 and 2 mM. Omission of either Triton X-100 or MgCl 2 results in a residual activity of about 5 to 10%. Using reversed-phase thin-layer chromatography, we found that the major products of the Upp synthetase reaction after potato acid phosphatase treatment had the same mobility as authentic undecaprenol or decaprenol. We detected small amounts of intermediate-length (C 30 to C 45 ) products (data not shown).
Construction and analysis of uppS deletion mutants. To investigate the function of the uppS gene, pneumococcal uppS gene mutants were obtained by site-directed insertional mutagenesis (29) . A small internal gene fragment was cloned in plasmid pJDC9, which does not replicate in pneumococci Fig. 1B] ). The construct was transformed into S. pneumoniae R6, and plasmid-encoded erythromycin resistance (Em r ) was used to select for single homologous recombination events. However, no Em r transformants were obtained. To further study the essentiality of the uppS gene for bacterial growth, we used a regulatable knockout system that allows the conditional expression of genes (34) . The potential promoter region in front of the streptococcal uppS gene was replaced by the strong tetracycline-regulatable p57opt promoter (pKO2 [Fig. 1B]) . Transformation of S. pneumoniae R6 with this plasmid resulted in many Em r transformants (S.p. pKO2 [ Fig. 7] ). Correct integration of the plasmid was confirmed by PCR analysis (data not shown). No difference in growth rate was detectable in the presence or absence of tetracycline (20 ng/ml), indicating that the basal expression from this promoter was sufficient to allow normal growth of the transformants. Even in the absence of induction, the basal expression level from p57opt is relatively high (34) . Attempts to generate viable regulatable uppS knockout mutants by using the weaker and tighter promoter p57 (S.p. pKO3 [ Fig. 7] ) were successful only in the presence of tetracycline, and we could isolate six colonies. Replating these colonies on sheep blood (3%) agar plates with and without tetracycline resulted in growth on the tetracyclinecontaining plates, whereas in absence of tetracycline no colonies were detected. In growth experiments in liquid cultures in the presence of tetracycline, S.p. pKO3 characteristically reached a plateau after 5 h with an OD 620 of 0.5, starting at an OD 620 of 0.08 to 0.1. Without tetracycline in the medium, the regulatable S.p. pKO3 knockouts grow normally for about 2 h, but then they slow down and after 4 h stop further growth at an OD 620 of 0.2 to 0.3 (data not shown). The correctness of integration was checked by PCR. Using the primer combination P1-P2 (Fig. 7) , we found a band of the expected size (759 bp) for S.p. R6 wt and S.p. pKO3. Using the primer combination P1-P3 or P4-P2 (Fig. 7) , we found a band of the expected size, 607 or 792 bp, respectively, only for the regulatable knockout strains and no bands for S.p. R6 wt (data not shown).
From the S. pneumoniae sequence data, it is very likely that the uppS gene is the first gene in an operon. Therefore, it was necessary to exclude the possibility that the disruption of uppS causes a polar effect on the expression of downstream genes which themselves could be essential. Knowing that the transcription level of the constructs containing the p57opt promoter is sufficient for cell viability, we generated a construct which should disrupt the first gene, uppS, but place the downstream genes under the control of the tetracycline-regulatable promoter p57opt. No Em r transformants were obtained with this plasmid (S.p. pKO4 [ Fig. 7] ), indicating that the first gene of the operon, uppS, is essential.
DISCUSSION
To gain further insight into the structure and function of Upp synthetase, the only known bacterial enzyme which catalyzes the production of long-chain isoprenoids with cis-chain configuration, we attempted to identify and isolate the Upp synthetase gene from E. coli. Our strategy was to make use of the recently available E. coli genomic sequence by preparing a database containing the masses of peptides produced by computer-simulated trypsin digestion of all E. coli proteins predicted from the E. coli genomic sequence. The masses of peptides produced by experimental trypsin digestion of a purified protein can be used to search the databank for proteins with similar profiles and so identify a candidate gene. However, this approach requires a sample of the protein of interest that is largely free from contaminating proteins. For this reason, it was necessary to improve the purification scheme for the Upp synthetase of E. coli described earlier (10) , as analysis of material produced this way resulted in a list of several possible candidate genes (data not shown).
Subjecting 185 g (wet weight) of E. coli paste, after cell breakage, to two differential centrifugation steps, ammonium sulfate precipitation, and fractionation by five different chromatographic steps yielded only approximately 50 to 150 g of Upp synthetase protein (judged from the band visible after SDS-PAGE). Although this extensive purification scheme was not sufficient to purify the Upp synthetase to homogeneity, the remaining proteins in the mixture could be well resolved by SDS-PAGE. There are several possible explanations for the low yield of Upp synthetase: (i) instability of the protein, which seems to be unlikely since the recombinant protein is stable; (ii) losses during purification; and (iii) very low copy number per cell. Assuming 10 Ϫ12 g (wet weight) per E. coli cell and an optimistic recovery of 10%, there would be less than 300 to 1,000 Upp synthetase molecules per cell. These numbers are certainly within a possible range, because two steps later in the pathway of cell wall biosynthesis (after dephosphorylation of UPP and transfer of the pentapeptide), the two membrane intermediates in peptidoglycan metabolism, pentapeptide lipid I and lipid II, are present in E. coli at cell copy numbers not higher than 700 and 2,000, respectively (39) . In addition, it is interesting that the ribosomal binding site has an extra G relative to the AGGAG consensus and the spacing is rather long and nonoptimal (Ϫ11 for GTG and Ϫ14 for the ATG), which might cause a low level of transcription. Specific labeling of the purified Upp synthetase preparation with [ Comparison of the 28 predicted Upp synthetase sequences which we identified in various databases revealed several strongly conserved regions (Fig. 3) . We detected a single homologous protein in all bacterial genomes for which the full sequence information was available at the time with the exceptions of Mycoplasma genitalium and Mycoplasma pneumoniae, for which no homologue was found. This is consistence with the absence of other cell wall biosynthetic enzymes in these bacteria. In eukaryotic genomes, two genes were identified in S. cerevisiae and one was found in C. elegans. There are two entries in GenBank, AA086931 and W61940, that could encode N-terminal and C-terminal portions of a mouse UppS homolog. In addition, a partial sequence which showed very good homology especially to the strongly conserved regions at the carboxyterminal end (boxes IV and V [see below]) was found in an inhouse human database. Experiments to clone and express the full-length human homologue and to characterize its enzymatic activity are ongoing. It remains to be determined whether that enzyme is identical to the dolichol synthetase in eukaryotes (1, 11, 27) , which synthesizes long-chain (up to C 100 ) prenyl pyrophosphates (also in a cis conformation).
Sequence comparison reveals at least five strongly conserved regions as well as some single conserved amino acids (outside of the defined boxes), which very likely represent the active site of the protein (Fig. 3) . Box V is analogous to the Prosite consensus sequence described in Prosite document PS01066, which is annotated as "uncharacterized protein family UPF0015 signature" and lists 13 sequences, all of which were also identified in our homology search.
It is interesting that in E. coli the gene immediately preceding uppS is dxr, a 1-deoxy-D-xylulose 5-phosphate reducto-isomerase catalyzing the formation of 2-C-methyl-D-erythritol 4-phosphate in the terpenoid biosynthesis pathway (36) . This clustering is not found in H. influenzae and S. pneumoniae.
The experiments for generating uppS gene knockouts provide very strong evidence that the gene is essential for growth of S. pneumoniae. We cannot exclude the possibility that some other downstream gene(s) of the operon is essential as well. The tetracycline-regulatable knockouts illustrate the importance of selecting a regulatable promoter of appropriate strength for replacing the natural promoter of a gene and interpreting results cautiously. If basal expression level of the promoter is too high, no difference between induced and uninduced state is detectable. This is the most likely explanation for the recovery of tetracycline-unresponsive transformants using pKO2. Where the promoter is weaker, only in the induced situation is the expression level high enough for cell growth, and in the noninduced situation the cells eventually stop growing. The results obtained with pKO4 and pKO3 provide very strong evidence that the uppS gene is essential for growth of S. pneumoniae. It remains to be shown whether this is also true for the uppS genes of other bacteria.
Upp synthetase shows at least three differences from other known prenyltransferases. (i) All other synthetases, like Fpp synthetase, Opp synthetase, geranylgeranyl pyrophosphate synthetase, and hexaprenyl pyrophosphate synthetase, condense the new isopentenyl unit in a trans configuration on the growing chain. In contrast, Upp synthetase uses trans,trans-FPP as an initiating building block, whereas subsequent condensations of isopentenyl units are in cis conformation. (ii) The primary structure of Upp synthetase is completely different from those of the other prenyltransferases. (iii) All other known prenyltransferases are believed to use the highly conserved aspartaterich motif (DDxxD) for binding each pyrophosphate. This was demonstrated for avian Fpp synthetase by X-ray crystallography (37) . Even isoprenoid cyclases (e.g., pentalenene synthase, epi-aristolochene synthase, and hopene synthase), which also use FPP as substrate but have little overall similarity to chain elongation prenyltransferases, use the DDxxD motif as a binding site for the pyrophosphate, as demonstrated by X-ray crystallography (25, 33, 40) . Upp synthetase is a new class of isoprenoid synthetase because it has no such motif. We postulate that there is another motif responsible for the binding of both pyrophosphates. The only related and duplicated sequence motif identified is a single aspartate (boldface) followed by an arginine (underlined) with a spacing of three amino acids (DE)GNxR and DLxLR (positions 25 to 29 and 189 to 193, respectively, in E. coli Upp synthetase) which could potentially serve as the pyrophosphate binding site. From a structural point of view, it would be interesting to examine the three-dimensional structure of Upp synthetase to see how nature solved the problem of pyrophosphate binding in two different ways.
